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Abstract – In this study, we investigated variation in offspring size (OS) of Daphnia magna in relation to
multiple maternal traits and environmental variables. Data originated from laboratory experiments conducted

at different feeding scenarios. The mother daphnids had different life-history traits and were reared under
various feeding and density conditions. OS showed linear relationships with maternal traits, varying positively
with maternal body size, age and brood number, and negatively with brood size and with the amount of

ingested carbon. OS increased exponentially with crowding. Using stepwise multiple regression analysis, we
developed an empirical model for the OS variation with the relevant maternal and environmental variables.
Density dependence was considered by multiplying the resulting model by a density-effect function. We found

that the ingested carbon and the maternal body size were the strongest determinants of the observed variation
in the OS, whereas the brood size had the least impact on OS. Additionally, the brood number had no sig-
nificant effect in determining the variability in the OS. The validity of the multivariate model was tested

against an independent dataset. The model accurately predicted the OS despite several genetic and environ-
mental differences compared with the data used for parameterization.
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Introduction

Owing to its essential role in food-web dynamics of
freshwater ecosystems and to its importance as a test
organism in ecotoxicology, the cladoceran Daphnia magna
(Straus) is frequently used in modelling studies to answer
diverse questions on the biology and ecology of this organi-
sm (Kooijman, 2000; Vanoverbeke, 2008; Preuss et al.,
2009), or to elucidate complex mechanisms behind its
responses to natural (Gergs et al., 2013) or anthropogenic
(Preuss et al., 2010) stressors. Depending on the addressed
question, ecological models can, in general, be based on
empirical description of processes (Preuss et al., 2009) or
on energetic concepts (Kooijman, 2000; Vanoverbeke,
2008). However, an important limitation of these available
models is that none of them accounts for the natural vari-
ability in the offspring size (OS) in Daphnia magna. This
trait, in fact, determines vital individual processes such as
growth (Hammers-Wirtz and Ratte, 2000), size at first
reproduction (Barata and Baird, 1998) or size-selective

predation (Lampert, 1993; Gergs and Ratte, 2009), which
in turn affect higher-order processes such as population
growth rate, maturation (Sakwinska, 2004; Rinke, 2006),
population survival rates (Sakwinska, 2004; Dudycha and
Lynch, 2005) or resistance to starvation (Tessier and
Consolatti, 1991).

To efficiently capture the variation in the OS in
Daphnia, it is essential to simultaneously account for
the relevant variables that induce a change in this life
history trait. Changes in OS in Daphnia are frequently a
consequence of maternally mediated responses to environ-
mental effects. As explained by Mousseau and Fox (1998),
the experienced environmental changes are transmitted
from mothers to their offspring, whose development is
thereby altered. For example, mother daphniids reduce the
size of their progeny in the presence of large-selective
predators such as fish (Stibor, 1992), and do the opposite
in the presence of small-size selective predators such as
Chaoborus (Stibor and Lüning, 1994; Coors et al., 2004).
OS may also vary in response to differing maternal food
levels (Tessier and Consolatti, 1991; Glazier, 1992; Ebert,
1993; Enserink et al. 1993; Lampert, 1993; Guinnee, et al.,*Corresponding author: faten.gabsi@bio5.rwth-aachen.de
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2004, 2006) or to varying population densities (Gliwicz
and Guisande, 1992; Goser and Ratte, 1994; Burns, 1995;
Cleuvers et al. 1997; LaMontagne and McCauley, 2001).

In this study, we investigated the interactive effects of
multiple maternal traits and environmental rearing condi-
tions on the neonate body size in Daphnia magna.We then
parameterized a multivariate model describing OS varia-
tion with these variables. Finally, we validated the
resulting model using an independent dataset.

Material and methods

Experimental dataset

Data from previous experimental studies made at the
Institute of Environmental Research, RWTH Aachen
University (Cleuvers, 1995; Popovic, 1996; Goser, 1997;
Coors, 1999; Agatz, unpublished; see Table 1) were used
for parameterizing the model. Daphniids (j24 h old) used
in these tests originated from third broods of acclimated
mothers. Mothers had been individually reared in cultures
kept under constant temperature and light conditions
(20¡1 xC, 16-h light: 8-h dark photoperiod in a climate-
controlled chamber) for several generations (almost
30 years) in the laboratory. These cultures were fed three
times a week with log-phase Desmodesmus subspicatus.
The algae were harvested from batch cultures grown in the
medium as described by Kuhl and Lorenzen (1964),
centrifuged and resuspended in 80 mL Elendt M4 medium.
Mothers belonged to two different clones (Table 1): clone 5
was reared under laboratory conditions, and clone Tonne
originated from the field sampling near Aachen (Coors,
1999). Experiments a, b and c were conducted under flow-
through conditions at constant food levels and a flow rate
of 12 mL.minx1 (according to Goser and Ratte, 1994).
Experiments d and e were run under the semi-static
scenario, where daphniids were fed daily and the culture
medium changed every Monday, Wednesday and Friday.

Measured variables

We tested the following maternal traits as potential
variables affecting the OS: the maternal body length and
age, the brood size, the brood number and the amount of
ingested carbon per mother. Food concentration and
density-dependent effects on OS were tested as potential
environmental variables influencing the OS.

Determining the maternal body length, age, brood number
and brood size

Within each released brood, the maternal body length
and age, as well the brood size and number were recorded,
and the average OS per brood was calculated. The
individual measurements of neonates and mothers’ lengths
were made within 12 h of the time of brood release. Body
lengths were measured (from top of eye to base of
posterior spine) using a software designed at the institute
(Preuss, unpublished). The mother and all her released
offspring were placed in a Petri dish using a pipette and the
surplus of water was removed to prevent the movement of
the animals. The Petri dish was scanned (Canoscan 8800F)
at r1200 dpi resolution. Once the scan finished, the
mother was transferred into the medium and the neonates
were discarded.

Calculating the ingested carbon per mother daphniid

Because the experiments were run under different feed-
ing scenarios (semi-static and flow-through), we used
the ingested carbon for each individual mother as an
explanatory variable for OS instead of the food concentra-
tion administered. To calculate the ingested carbon, we
used a dynamic individual-based model for D. magna
(Preuss et al., 2009), which was set to the environmental
conditions of each experiment described in Table 1. A dy-
namic simulation is especially necessary for semi-static
conditions, where food availability might be triggered
by the ingestion rate of the daphniid and the volume of
the beaker. The model dynamically simulates the inges-
tion of daphniids based on the equation of McMahon
and Rigler (1963), including the maximum filtration
rate, a half-saturation constant (Ks) and the incipient
limiting level (ILL). This function describes the filtration
rate of daphniids to be constant below the ILL at the
maximum filtration rate and to decrease with increasing
food concentration above the ILL (Lampert, 1987).
This behaviour leads to a constant ingestion rate at higher
food concentrations (Preuss et al., 2009). The maximum
filtration rate for the daphniid is calculated as a function
of body length. In this equation, feeding is expressed
by means of daily ingested carbon per individual (IC,
Equation (1)), which depends on the filtration rate in
mL.hx1 (F) and on the food concentration (C) in
mg C.mLx1.

IC=FrC r24 ð1Þ

Table 1. List of the different data sources used in the study and description of the experimental conditions using D. magna.

Experiment (literature) Clone Density (mL.daphniidx1) Food concentration (mg C.daphniidx1.dx1) Scenarios
a (Cleuvers, 1995) 5 12.5–50 0.1 FT
b (Popovic, 1996) 5 12.5–50 0.1 FT
c (Goser, 1997) 5 1.25–80 0.1; 1 FT
d (Coors, 1999) Tonne 15–80 0.05; 0.075; 0.1; 0.2 SS
e (Agatz, unpublished) 5 80 0.2 SS

FT and SS stand for flow-through and semi-static scenarios, respectively.
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The filtration rate (Equation (2), Preuss et al., 2009) is
calculated as a function of maternal body length (L, in
mm) and the concentration of algae (c, in cells.mLx1).

F=
p r LsrKs

Ks+ c� ILL
ð2Þ

with P=0.5 mL.mms.hx1: factor for filtration rate,
s=2.45: scaling factor for filtration rate, Ks=30644
cells.mLx1: half saturation constant, ILL=8506
cells.mLx1: incipient limiting level.

Data analysis

Statistical analyses were made using SPSS software
(IBM SPSS statistics version 20) and the graphs were
plotted in Sigma Plot (Systat Software, Inc. Sigma Plot
SPW 11.0). We examined the relationships between OS
and all the measured variables mentioned in the previous
sections.

Variation of OS with the environmental variables:
density-dependent effects

Experiments a, b, c and d (Table 1) contained data
from both control and density conditions, where the
daphnids were reared in groups in the same beaker and
the available volume per daphnid varied from 1.25 to
80 mL (Table 1). This dataset was used separately to build
up the regression model relating OS variation to density-
dependent effects. Determining this relationship was
done stepwise: to discard food level effects, we considered
data relative to only one food concentration (0.1 mg
C.daphniidx1.dx1). For each experiment, we used the
data from ‘control’ daphniids to make linear regressions
relating OS to maternal body size (relative to 0.1 mg
C.daphniidx1.dx1). The obtained equations were used
to derive the expected sizes of offspring released from
mothers under density conditions. The average relative OS
(measured/expected OS) was then plotted against the den-
sity values (expressed as available volume per daphnid).

Variation of OS with the maternal traits

In order to check for the existence of genetic (clonal)
differences within our dataset, we ran an analysis of vari-
ance (ANOVA, P<0.05) where the homogeneity of vari-
ances (Levene’s test) and the normality of the distribution
(Shapiro–Wilk test) were verified.OS variation with the
maternal body size was studied for the different food con-
centrations and regression analyses were made to assess
the significance of the different relationships. Effects of
brood size and brood number on OS were tested using
simple linear regressions. Similarly to density-dependent
effects, the relationship of OS to the ingested carbon was
determined by deriving the mean expected OS from the
regression equation relative to data for 0.2 mg C (see
Fig. 1(a)). Then, the relative OS, which is a function of
maternal body length, was plotted against the daily
amount of ingested carbon.

Multiple regression analysis

Stepwise multiple linear regression analysis (MLR)
was conducted in order to generate equations linking
OS to effects of maternal traits and environmental fac-
tors (e.g., maternal body size, maternal age, brood size,
ingested carbon and brood number). This approach
accounts for the effect of each variable after controlling
for the effects of other variables on OS. In these analyses,
the independence of the errors, homoscedasticity and
normality of errors were verified. The significance of
maternal body size, age, brood size, brood number and
the ingested carbon were tested. The accuracy of the
obtained models was judged by the value of the coefficient
of determination (r2) and the significance of each pre-
dictive variable (t-test). Once the significant variables
were identified, we tested the goodness of fit to the data
by: (i) plotting the measured against the predicted data
and determining the r2, and (ii) determining the mean
(Equation (3)) and the maximum deviation of the
measured data to the model.

Deviation ð%Þ=MeasuredOS�PredictedOS

MeasuredOS
r100 ð3Þ

Model validation

The ability of the developed model to predict
OS variation was tested against an independent dataset
(Glazier, 1992) obtained from D. magna reproduction
tests using two genetically distinct clones (L-F and P-S1).
The culture medium (120 mL of ASTM hard water) as
well as food source (Chlorella vulgaris) differed from the
dataset used for developing the model. The experiments
were carried out in 120 mL ASTM media with individual
daphniids. Daphniids were daily fed 0.3 mg C.Lx1

(0.036 mg C.daphniidx1.dx1) and 1.5 mg C.Lx1

(0.18 mg C.daphniidx1.dx1). The carbon content of
C. vulgaris was transformed to its equivalent for
D. subspicatus, assuming that D. subspicatus has an av-
erage carbon content of 1.95r10x8 mg C.cellx1 (Sokull-
Kluettgen, 1998; unpublished results from the Institute of
Environmental Research, RWTH Aachen University).
The data provided information on the egg dry mass.
The neonate’s dry weight (DW) was derived from egg
dry mass using the relationships given in Glazier (1992:
Table 3). Accordingly, newborns were 22.5% heavier
than eggs for clone L-F and 47.05% for clone P-S1.
Finally, a regression model (Kooijman, 2000) was fitted
(Equation (4)) to convert the DW of neonates into body
length (mm):

DW=11:89rLength3 ð4Þ

Results

In our dataset, OS was not significantly influenced by
clonal differences (ANOVA, P>0.05).
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OS dependence on maternal traits

Effects of maternal body size and age

OS showed significant positive linear relationships
with maternal body size and age at all food concentrations
(Fig. 1(a) and (b)). The slopes of the different regression
equations linking OS to these two variables were in general
steeper at low (0.05 and 0.075 mg C) than higher food
concentrations (0.1–1 mg C). Large females (body size
i3.5 mm) reared at high food concentrations produced
smaller offspring than the low-fed ones of the same size
(Fig 1(a)). However, for the smaller mothers (body size
j3 mm), OS had a non-linear response with food: it
increased with decreasing food concentration from 1 to
0.1 mg C and then decreased when food decreased down to
0.05 mg C. In comparison, females of the same age
produced smaller offspring with increasing food concen-
tration (Fig. 1(b)).

Effects of the daily amount of ingested carbon

Independently of the maternal body size, there was a
significant negative relationship between OS and the
ingested carbon (r2=0.52, n=118; Fig. 2): the largest
neonates were born to mothers with the lowest ingested
carbon and the smallest neonates to mothers with the
highest ingested carbon.

Effects of the brood size

There were no data available on the brood size for
daphnids reared at 1 mg C. Based on the remaining data-
set, OS tended to decrease with larger broods, but the
relationship was not significant (r2=0.051, n=114;
Fig. 3).

OS dependence on the maternal environment

The variation in the relative OS (based on the
regression of OS on maternal body length and the food
concentration) with density followed a two-parameter
exponential-decay function (Equation (5), Fig. 4).

Relative offspring size =1+a r e�brdensity;

r2=0:94; n =169
ð5Þ

with a=0.1266; b=0.0659; and density expressed in mL
per daphniid.

OS varied significantly with density (P<0.05). At
minimal density values ranging between 80 and 50 mL
per daphniid, there was no variation in the OS.

Fig. 1. Dependence of the mean OS on the maternal body size (a) and age (b) in D. magna in relation to food level (n=118).

Fig. 2. Dependence of the relative OS on the daily amount of
ingested carbon inD. magna. The relative OS is the ratio between
measured values and model predictions based on the maternal

body size.
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However, the OS significantly increased with increasing
densities. Density effects were most pronounced when the
volume decreased below 20 mL per daphniid. Under these
conditions, the predicted OS was significantly smaller than
the observed OS.

The multivariate model for OS

The parameters obtained by stepwise MLR and their
significance are summarized in Table 2. Effects of maternal
body size, brood size and the ingested carbon were
significant (P<0.0001). Maternal age had a P value of
0.039, whereas brood number was not a significant vari-

able (P=0.185) and was removed from the model.
OS showed a positive dependency on maternal body size
and age, and negative dependencies on the ingested carbon
and brood size. The model was able to describe 71% of the
variability within the dataset.

Because maternal body size and age are strongly
related variables, and age was the last variable introduced
last in the MLR model, we ran another MLR excluding
this variable. The results (Table 3) show that all variables
included in the analysis contributed significantly to deter-
mining the OS. Moreover, by removing the maternal age,
the collinearity between the explanatory variables was
significantly reduced without affecting the model’s good-
ness of fit (r2=0.7). Therefore, the final model describing
OS variation with the maternal body size (ML), ingested
carbon (IC) and brood size (BS) as explanatory variables is
shown in Equation (6).

OS=0:436+0:184rML� 0:595r IC� 0:00567rBS;

r2=0:7; n=114 ð6Þ

The model fitted well to the measured data (Fig. 5(a))
with a mean deviation of 4.01¡3.2 % and a maximum
deviation of 16.92%.

OS dependence on density was considered by multi-
plying the MLR by the non-linear density effect function.
The model describing OS variation to density in addition
to maternal body size, brood size and ingested carbon was
obtained by multiplying the MLR equation (6) by the
density-effect equation (5). The resulting equation is:

OS= 0:436+0:184 rML� 0:595 rIC� 0:00567 rBS½ �
rð1+0:1266 re�0:0659rdensityÞ; r2=0:65; n =169 ð7Þ

The model described OS variation in a good agreement
with the measured data (r2=0.65, Fig. 5(b)) with a mean
and a maximum deviation of 4.07 (¡3.16%) and 16.92%,
respectively.

Model validation

There were no validation data available for density
dependence effects. Thus, the results in Figure 6 show the
validation of the MLR model obtained under density-free
conditions (Equation (6)), predicting the variation of OS
with maternal body size, brood size and ingested carbon.
The model appears to be largely validated because the
measured OS varied with the predicted OS with a slope of
1.03 and an intercept of 0.007, which should ideally equal
1 and 0, respectively. The model was able to describe 36%
of the variability in the data.

Discussion

In this work, we set up an empirical model describing
the variation in the size of offspring born from mothers
reared under different feeding and density conditions. The
model was tested against an independent dataset using two

Fig. 3. Dependence of the mean OS on the brood size (n=114)
in D. magna (excluding the dataset for 1 mg C in reference c,
Table 1).

Fig. 4. Dependence of the relative OS on density in D. magna
(n=169). The relative OS is the ratio between measured values

and model predictions based on maternal body size. Food effect
was excluded by considering data deriving from only one food
level (0.1 mg C.daphniidx1.dx1). Error bars indicate 95%

confidence intervals.
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genetically different clones (which also differed from the
clones used in the parameterization of the model), a
different food source and culture medium, as well as differ-
ent food levels. It is important to mention that all the
allometric relationships of brood mass, brood size and egg
mass were significantly different between the two clones
(see Glazier, 1992 for details). Besides, if we used life-cycle
data from flow-through and semi-static tests to develop
the model, validation data were obtained at semi-static
conditions. Despite these divergences, the multivariate
model accurately described the variation in OS (Fig. 6).

The amount of ingested carbon was the most determin-
ing factor of OS variation, contrary to brood size which
accounted for the least effects. Even though the two
variables were correlated, maternal body size was a better

predictor than maternal age. Additionally, the brood
number did not significantly influence the OS and there-
fore, the exclusion of these two variables from the model
did not affect its efficiency to describe the variation in OS.
Our results support the findings of Ebert (1993), showing
that age and brood number did not affect OS in two
D. magna populations from different artificial ponds, but
the food level, maternal body size and brood size strongly
affected OS. However, opposite results were observed
for D. galeata (Sakwinska, 2004) where the juvenile
growth increment differed between young, intermediate
and older mothers, leading to a dependence of OS on
maternal age. The observed variability in the factors
determining OS in Daphnia could be attributed to inter-
species differences.

Table 2. Multiple linear regressions of OS on maternal body size, maternal age, brood number, brood size and the ingested carbon.

All dataset (except 1 mg C in experiment c) were used in this analysis.

Factors Coefficient Standard error t-test P
Step one Constant 0.630 0.031 20.560 <0.0001

Maternal body size 0.090 0.008 10.776 <0.0001
Final step Constant 0.495 0.045 11.052 <0.0001

Maternal body size 0.156 0.018 8.599 <0.0001
Brood size x0.005 0.001 x6.758 <0.0001
Ingested carbon x0.536 0.112 x4.793 <0.0001
Age 0.002 0.001 2.175 0.039

Table 3. Multiple linear regressions of OS on maternal body size, brood size and the ingested carbon. All dataset (except 1 mg C in
experiment c) were used in this analysis.

Factors Coefficient Standard error t-test P
Step one Constant 0. 634 0.031 20.544 <0.0001

Maternal body size 0.089 0.008 10.634 <0.0001
Final step Constant 0.436 0.037 11.799 <0.0001

Maternal body size 0.184 0.0134 13.722 <0.0001
Brood size x0.00567 0.00079 x7.185 <0.0001
Ingested carbon x0.595 0.11 x5.387 <0.0001

Fig. 5. Predicted-measured statistics for the OS (excluding the dataset for 1 mg C in reference c, Table 1). Predicted values were
obtained by means of multiple linear regressions without (a, n=114) and with (b, n=169) density effects. Full lines show the
regressions and dashed lines the optimal 1:1 prediction.
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OS dependence on maternal body size

Positive linear relationships between the size of the
mother and that of her offspring were obtained under
high, intermediate and low food levels. Other studies have
shown similar relationships where the effort per offspring
(in terms of size or mass of eggs or neonates) increased
with maternal body size for different clones of D. magna,
under high and low food conditions (Glazier, 1992;
Ebert, 1993; McKee and Ebert, 1996). Positive effects of
maternal body size on OS were observed in other Daphnia
species such as D. galeata (Sakwinska, 2004) or D. hyalina
(Burns, 1995) and in other organisms (Bernardo, 1996)
as well.

OS dependence on the ingested carbon

Mothers clearly showed a dynamic shift in the way
they provision their offspring when food decreases,
changing from an emphasis on egg number in food-rich
environments to egg size in food-poor environments.
These results support the findings of Glazier’s (1992)
humped-shape model, predicting a positive relationship
between OS and the ingested carbon at low food levels and
a negative correlation at high food levels. The negative
relationship observed in the present study is also found
in other Daphnia species such as D. pulex (Taylor 1985),
D. pulicaria and D. hyalina (Guisande and Gliwicz, 1992).
By contrast, positive covariation between OS and food
level was found in two different studies with D. pulex
(Lynch, 1989; LaMontagne andMcCauley, 2001). In these
studies, either very low food concentrations were used
(equivalent to 0.01–0.06 mg C per Daphnia per day, see
LaMontagne and McCauley, 2001) or the daphnids were
not daily fed as done in the present study or in Glazier
(1992)’s study, which was used to validate our model.

These two experiments thus fit into the left-hand side of
the humped-shape model.

OS dependence on maternal body size and food level

In large females (body size i3.5 mm), OS showed
a negative relationship with food concentration. In
small females (body size j3 mm), the increase in OS
with decreasing food concentrations (down to
0.1 mg C.daphniidx1.dx1) and its decrease at the lowest
food concentrations (down to 0.05 mg C.daphniidx1.dx1)
are consistent with the humped-shaped model of Glazier
(1992, Fig. 7), where both positive and negative relation-
ships between OS and food demand are hypothesized. At
very low food levels, egg mass becomes smaller in Daphnia
because very small females are structurally and energeti-
cally incapable of producing large eggs (Glazier, 1992).
This hypothesis may also explain the steeper slopes of the
regressions relating OS to maternal body length at the
lowest food levels: under these conditions, small females
were constrained to produce small offspring because of
energy constraints and the spatial limitations in the brood
pouch. However, large females may have had enough
energy reserves to show the adaptive response of pro-
ducing relatively large offspring, as was observed in other
Daphnia studies (Glazier, 1992; Ebert, 1993; Lampert,
1993; Boersma, 1995, 1997). At higher food levels, the
slope was less steep because small females were not as
energy limited, and large females were favoured to
produce many small offspring. In this way, small daph-
niids continued to produce smaller offspring than the
larger ones because of spatial limitations of the brood
pouch. However, the difference was not as great because
energy limitation is less important, resulting in the
observed shallower slopes. The results obtained in this
study support optimal offspring investment theory, which
predicts that larger offspring should be produced under
low compared with high food conditions (Goulden et al.,
1987), as long as the mothers are not too small (thus
preventing them from making larger offspring, as pre-
dicted by Glazier’s (1992) OS response model).

Our analysis of the OS with both maternal body length
and food concentration showed that, even at a laboratory
scale where it is purposely attempted to reduce experi-
mental variability, mother daphniids have different repro-
ductive strategies according to their interactions with the
environment, which had important repercussions on OS.

OS dependence on brood size

OS was larger in small broods compared with
large ones. Most studies observed the same pattern in
D. magna (Ebert, 1993; Boersma, 1997) and other
cladoceran species (Taylor, 1985; Gliwicz and Guisande,
1992). However, brood size accounted for only a small
proportion of variability compared with other factors;
i.e., the ingested carbon and the maternal body size.
The importance of this variable in determining OS might

Fig. 6. Test of the model on independent data using two distinct
clones: P-S1 and L-F, and two different food levels. Data (n=83)
originated from Glazier (1992). The full line indicates the model

predictions and the dashed line the optimal 1:1 prediction.
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be indirectly related to its interaction with other variables,
such as the food level (Ebert, 1993).

OS dependence on density

It is well known that Daphnia changes its reproductive
strategy under varying density conditions. At high den-
sities, daphniids grow more slowly and produce fewer off-
spring (Guisande, 1993; Goser and Ratte, 1994). Density
effects were also shown to propagate to the F1 generation
whereby daphniids living singly but descending from
ancestors living in groups produced significantly larger
offspring (F2) than daphniids descending from singly
living ancestors (Cleuvers et al., 1997). Our results show
that the daphniids responded to increasing density condi-
tions by an increase in OS at the expense of brood size
which decreased. This was observed by disentangling the
food level effects. Our results are similar to those obtained
by other authors (Cox et al., 1992; Naylor et al., 1992) who
observed that at low densities, D. magna produces more
and smaller neonates than at higher stocking densities
where there were fewer and larger neonates produced.
Cleuvers et al. (1997) explained that the daphniids shift
their reproductive strategy from producing a higher
quantity to a higher quality of neonates (heavier offspring)
when the available culture volume is minimal. The increase
in OS with increasing density conditions was also observed
for other daphniid species such as D. pulex (Ban et al.,
2009), other Daphniidae species such as Simocephalus
vetulus (Perrin, 1989), as well as other aquatic inverte-
brates such as copepods (Cooney and Gehrs, 1980).
However, contrasting results were recorded for other
Daphnia species: Burns (1995) showed that for D. hyalina
and D. galeata, mothers kept in density conditions (i150
individuals per litre) produced smaller offspring and
smaller broods.

Adaptive value

In addition to the strong relationships between OS and
maternal life-history traits, mothers were able to change
their reproductive strategy in accordance to changes in the
environmental conditions, i.e., available food and density,
and this shift was manifested by a change in OS. The
observed patterns of OS variation with maternal traits and
environmental factors suggest an adaptive shift from
quantity to quality of offspring as food availability per
individual decreases. During spring and early summer,
Daphnia populations grow rapidly (Hülsmann, 2003;
Wagner et al., 2004), resulting in a depletion of available
resources. At the end of the spring algal bloom, newborn
daphniids have few available resources, exerting high
physiological stress on individuals, which results in an
elevated non-consumptive mortality (Hülsmann, 2003).
These processes lead to a declining population size of
Daphnia, which in some cases, particularly in eutrophic
waters, can directly proceed to the initiation of a
midsummer decline of daphniids (Hülsmann and Weiler,

2000; Hülsmann, 2003). In this context, producing fewer
larger (fitter) offspring at low food levels and high popu-
lation densities, but many small offspring at high food
levels and low population densities may be adaptive
responses for increasing population survival and growth,
respectively.

Conclusion

Our study shows that multiple maternal and environ-
mental variables significantly affect OS in D. magna. As
a result, future models addressing ecological or biological
questions regarding Daphnia populations should in-
clude the natural variability of OS in relation to relevant
maternal and environmental variables. This would ensure
a more realistic prediction of individual behavior,
thereby leading to a more accurate characterization of
Daphnia population dynamics under natural or stressed
conditions.
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